Stock structure of whiting (Merlangius merlangus) in the North East Atlantic is unclear. This study uses mixed effects models to analyse growth variability as a way to investigate stock identification. Growth trajectories for 634 individuals and length-at-age data for 78,686 individuals were analysed for spatial coherence and temporal synchrony in the parameters of the von Bertalanffy growth model. Growth was found to differ among most ICES divisions, and temporal fluctuations were poorly synchronized between areas. This study illustrates how growth analyses can contribute to stock identification, in addition to other data.
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Materials and methods
Study area and data sources
Whiting is a small gadoid species living in temperate waters in the north-eastern Atlantic, as well as in the Mediterranean and Black Seas. Juvenile whiting feed on plankton in coastal waters (5-30 m depth), while adults are found down to 200 m depth, and also eat fish and benthic invertebrates (Pinnegar et al., 2003) . Whiting live 10 to 20 years and can reach up to 70 cm (Cohen et al., 1990) . Minimum landing size for whiting in the whole ICES area is 27 cm.
Data analysed in this study were collated from two sources: scientific bottom trawl surveys and market sampling of French landings. Trawl surveys included: the International Bottom Trawl Survey (IBTS) carried out annually in quarter 1 in the North Sea, and in quarter 4 in the Celtic Sea and Bay of Biscay, and the Channel Groundfish French Survey (CGFS) carried out in quarter 3 in the Eastern English Channel. These surveys used a stratified random design. At each station, standard 30' hauls were carried out, and the whole catch was identified and length-measured. For selected species, sex was determined, and individuals were randomly selected from each length-class for otolith extraction (see further details on sampling protocol in ICES, 1996) . Landings were sampled year-round from fish auctions covering the main ports where whiting is landed, using a métier-based sampling strategy (Leblond et al., 2008) . As for surveys, individuals were randomly sampled stratified by sex and length-class. Market samples provided 0 to 23% of individual fish data depending on area.
Sagittal otoliths were extracted from the cranial cavity to determine fish age. The right sagittal otolith was embedded in epoxy resin and transverse sections through the core (nucleus) were cut with a precision saw (blade thickness: 0.3 mm). Two transverse sections were examined using 50 magnification connected to a video camera and an image-analysis system (TNPC software, www.tnpc.fr). Yearly growth increments were assumed to consist of an opaque and a translucent band. Age was determined by counting these increments following the internationally agreed method (Easey et al., 2005; Ross and Hüssy, 2013) . For a subset of otoliths, the width of annual increments was measured in addition to being counted. From both the survey and landings samples two data sets were prepared: i) individual growth trajectories based on increment widths (see details below and Table S1 ) and ii) population length-at-age using length-and age-at-capture (Table S2, Figures S1, S2) .
Environmental data used to explain variations in growth included annual average water column temperature for the whole area, from the sea surface down to 200 m depth, as predicted by hydrodynamic simulation models (Huret et al., 2013, see http://marine.copernicus.eu/). Intra-specific competition was described by whiting density averaged over the whole area, estimated from the fish trawl survey IBTS.
Data analysis
Continuous age was calculated based on the number of growth increments plus a fraction of year equal to the date of capture minus estimated date of birth. Dates of birth were set to the spawning peak in each area -15 January in the Bay of Biscay, 15 March in the Celtic Sea and 1 st of March in the English Channel, and 15 May in the North Sea (Carpentier et al., 2009; Gibb et al., 2004; Hehir, 2003; Hislop, 1984; Riley et al., 1986) .
For reconstructing individual growth trajectories the relationship between total fish length L t and otolith radius R t at capture age t was modelled by a power function:
where a, b, and c are regression coefficients.
3
Total length at age i could then be estimated (back-calculated) from measurements of annual otolith radii R i as:
ln ln ln ln ln ln ln exp (Vigliola et al., 2000) where length-at-age 0 is c bR a L 0 0   and R 0 is the corresponding otolith radius. R 0 = 0.0096 mm was assumed based on information available for sole (Solea solea) (Claireaux, 2013) . A sensitivity analysis, with R 0 varying from 0.0048 to 0.0192 mm, showed that this value provided the best fit for reconstructed length-at-capture (Fig. 2) .
Eq 2 assumes allometry rather than isometry between fish and otolith size, thereby addressing a shortcoming of many back-calculation models (Francis, 1990) . Individual growth trajectories were reconstructed for individuals caught at t = 6 years or older; younger fish were not included to allow a good estimation of all growth parameters, including asymptotic length.
Individual growth trajectories and population length-at-age data per cohort were modelled separately by the von Bertalanffy growth model
where a is age, L ∞ asymptotic length, k growth rate, and t 0 hypothetic age at length 0.
The three parameters of this model were estimated by mixed effects models. Models were selected based on the Akaike information criteria (AIC). Separate analyses were carried out for males and females, given the known sexual size dimorphism in this species .
The relative importance of individual versus spatial variation in growth indicative of separate stocks was estimated by examining the best model for individual growth trajectories among models with (i) random effects for individual fishes for L ∞ , k, and t 0 common to all areas; (ii) random effects for individuals nested in three areas for L ∞ , k, and t 0 , and iii) same as ii) but with four areas. Thus in case i) asymptotic length for individual i in area j was modelled as Spatial variation in growth was also examined by fitting mixed effects models to the population length-at-age data. In this case only random effects e j for areas were used. At both the individual and population levels, various combinations of ICES divisions based on Fig. 1 were tested as area effects, and the best model was retained. The ICES division grouping of this best model was taken as indication of spatial stock structure.
Potential differences in response to environmental variation among ICES divisions were investigated by estimating growth parameters by cohort within area (fixed effect for cohort nested in ICES division) and comparing the time series of cohort-specific growth parameter estimates. Growth parameter estimates by cohort were further related by linear regression to environmental conditions (water temperature and survey-based whiting density in each ICES division) in the year of birth. A different response of growth to these potential factors of growth variability, that is, a significant interaction between area and a given environmental factor, would suggest different stock units.
Each analysis was carried out on a subset of the data to ensure a sufficient number of observations for each factor level, and a reasonable balance between the number of observations per level (Table S2) .
Results
Length back calculation
The relationship between total fish length and otolith radius at capture was curvilinear as can be seen from the positive values for c in eq (1), and much more so for males than females (Table 1, Figs 2a, S3 ). The resulting model provided accurate predictions of total length-atcapture (Fig. 2b) . Reconstructed individual growth trajectories showed a wide variability both within and between ICES divisions (Figs 3, S4).
Analysis of individual growth trajectories
Models with individual random effects for all the three parameters were selected as best models for both males and females. All three growth parameters of the von Bertalanffy model (eq. 3) were found to differ between areas; the best fit and most parsimonious model was model ii) with three areas: Celtic Sea, English Channel, and North Sea (Southern and Central North Sea grouped, Table 2 ). Variability between individuals within these three areas ( w  ) was generally of similar magnitude as the variability between areas ( b  ) except for L ∞ for females, which had larger variability between than within areas (Table 3) . We found no significant difference in individual growth parameters between fish caught in the southern vs central North Sea (Table 2 ). In contrast, most of fish caught in the English Channel grew faster (larger k) to a smaller asymptotic size (L ∞ ) than those caught in the North Sea. Fish caught in the Celtic Sea generally grew at slower rate and to larger asymptotic size than in the other divisions (Fig. 4) . Estimates of k and t 0 were positively correlated (R = 0.79 for females). Estimates of L ∞ and t 0 were negatively correlated (R = -0.49 for females), and there was a strong, negative correlation (R = -0.92 for females) between L ∞ and k estimates (Table 3 , Fig. 4 ). Correlation between parameters did not seem to be determined by age-atcapture (Figs 4, S5), which indicated that the number of observations available for each individual did not influence estimation. Females generally grew to larger sizes than males, with the largest difference found in the Celtic Sea. Females also grew faster than males, except in the Celtic Sea.
Spatial analysis
At the population level, growth was found to differ between all ICES divisions for males, whereas no difference could be found between the Bay of Biscay and English Channel for females (Table 4) . For both sexes, models with North Sea divisions (South, Central, North) separated were always preferred to models with any combination of these divisions (all combinations were tried, some are shown in Table 4 ). Variability between areas b  was lower than residual variability for males, whereas a larger part of variability could be described by spatial differences in L ∞ for females (Table 5) . Again a high, negative correlation between L ∞ and k estimates was found for both sexes (Table 5) . Females grew to the largest sizes in Western Waters (Bay of Biscay and English Channel combined), and intermediate size in the Northern North Sea; initial size was largest in the English Channel (Fig. 5a ). Male growth patterns were similar, except for the largest initial size found in the Bay of Biscay (Fig. 5b) .
Temporal analysis
Time series of estimated cohort-specific growth parameters differed between the Northern and Central North Sea (Fig. 6 ). Temporal fluctuations of female growth parameters were not significantly correlated (asynchronic) between the Northern and Central North Sea, while males varied in moderate synchrony (Table 4 ; Fig. 6 ). Both temperature and density were found to affect at least one growth parameter, with different strengths depending on sex (Table 7) . There was sometimes an additional area effect, suggesting differences in growth parameters between areas that was not entirely explained by this factor. However, the interactions between factors and area were never significant, suggesting that there is no difference in response to the environment between the Northern and Central North Sea (Table  7) .
Discussion
Both at the population and individual levels, we found differences in whiting growth between the North Sea, English Channel, and Celtic Sea. In contrast, the analysis of individual growth trajectories did not provide evidence for a difference between the Southern and Central North Sea, whereas the analysis at the population level did. The time-series analysis confirmed differences in growth fluctuations between the Northern and Central North Sea, but did not provide evidence of differential responses to the environment between these areas. Overall, our results suggest that the current assessment and/or management units might deserve revision, by considering defining separate stock units for the Celtic Sea, English Channel, and perhaps even within the North Sea. The latter result is consistent with the results of the genetic study by Charrier et al. (2007) , and with different trends in Spawning Stock Biomass reported for southern and northern North Sea whiting, which was interpreted to suggest different sub-populations (Holmes et al., 2014) .
The discrepancy between the results for the individual growth trajectories analysis (no difference between Southern and Central North Sea) and the spatial analysis at the population level (Southern, Central and Northern North Sea different) could result from their different spatial or temporal data coverages. Spatial data coverages differed since the Northern North Sea could not be included in the individual analysis due to lack of data, whereas this area seems to display the most contrasting growth curves. However, grouping the Southern and Central North Sea at the population level did not result in better model fits than keeping those areas separated. Thus, the difference in spatial coverage does not explain the inconsistency. Temporal coverage also differed, with the individual analysis spanning 1997 to 2009, and the population-level analysis 2005 to 2012. The results of the temporal analysis showed that growth parameters fluctuated widely in time, thus temporal differences might indeed contribute to the discrepancy. Moreover, individual growth curves displayed a wide diversity of shapes (Figs 3, S4) , which might be better captured by the analysis of individual trajectories than of length-at-age at the population level. In addition, a larger sample size could be achieved for the population level analysis, potentially resulting in a higher power.
This study suggests that growth analysis can contribute to stock identification. Given the high between-individual variability in growth, large differences are required to provide statistical significance. For example, given the size of the standard deviation of the random effect for female whiting individuals ( w  in Table 3 ), a difference of least 4 cm in L ∞ , or 0.12 yr -1 units in k, is required to be able to detect a difference with a 0.05 type I error risk. However, differences of this magnitude or larger were actually found between areas. Obviously these results do not provide a definite answer to the question, however, they can contribute to inform interdisciplinary stock identification as outlined by Cadrin et al. (2014) . Differences in asymptotic size as large as 20 cm, or in growth rate as large as 0.3 yr -1 , as found between the Celtic Sea and English Channel or even between the Northern and Southern North Sea, are relevant to stock identification, as they might result in quite contrasted productivities and responses to fishing. Mixed effect models proved useful tools to this endeavour, as they provide a parcimonious method to analyse variances at several nested levels.
Consistently with previous findings (e.g., Baudron et al., 2014; Hunter et al., 2016; Trenkel et al., 2015) , we found some evidence of negative impacts of warmer temperatures on asymptotic size, and some density-dependence in growth rate. As outlined by Hunter et al. (2016) , growth varies in response to many drivers and a study of their respective influence would require a careful, case-specific selection of the variables and time delays. This was not the purpose of this study, which was rather meant to illustrate a methodology to evidence differential stock responses to the environment.
Potential methodological weaknesses of this study include the use of samples collected using length-stratification and the parameterization of the von Bertalanffy growth model. Length-stratified data have been shown to result in potentially biased estimates of mean length-at-age (Bettoli and Miranda, 2001 ). This is partly corrected for here by the analysis of cohorts rather than years, and by balancing the data across cohorts. The high correlation found between the estimated growth parameters could be seen as an artefact of the von Bertalanffy growth model parameterization (Schnute, 1981) . However, a different parameterization was tried and resulted in similarly high correlations (Table S3 , to be compared to Table 3 ). Recent bio-energetic modelling studies suggest that there is indeed a biological, negative correlation between L ∞ and k, which results from the interactions between growth and maturation processes (e.g., Brunel et al., 2013; Lester et al., 2004; Quince et al., 2008 Table 4 ). Western Waters: Celtic Sea and Bay of Biscay grouped. Figure S2 . Length-at-age data per cohort and ICES division used in the spatial analysis of male whiting growth.
5 3 Reconstructing individual growth trajectories of male whiting Figure S3 . Fish length -otolith radius regression for male whiting, all areas (n=266). See Table 1 for parameter estimates. Schnute, 1981) where a is age, L 1 and L 2 are lengths at two selected ages a1 and a1, and k is growth rate. Results are shown for individual growth of female whiting in Table S3 , with a1 = 1 y and a2 = 8 y. 
